The importance of root systems in acquiring water has long been recognized as crucial to cope with drought conditions. This investigation was conducted to: (i) evaluate the variability on root length density (RLD) of chickpea in the vegetative growth stage; (ii) estimate the effect of RLD on seed yield under terminal drought conditions; and (iii) set up a procedure to facilitate the screening of chickpea genotypes with large RLD. The PVC cylinder trials were set up to facilitate the screening of chickpea genotypes with large RLD. RLD of plants grown in cylinders with 70% field capacity was correlated with RLD in the field trials (r = 0.731; p = 0.01). This work highlights the importance of roots in coping with terminal drought in chickpea. The cylinder system offers a much easier procedure to screen chickpea genotypes with large RLD. #
Introduction
Chickpea (Cicer arietinum L.) is the third most important food legume with a total annual global production of 7.5 M tonnes from 10.3 Mha (FAO, 2004) . The major chickpea growing areas are in the arid and semi-arid zones. About 90% of world's chickpea is grown under rain fed conditions (Kumar and Abbo, 2001) , where terminal drought is one of the major constraints limiting the productivity. Terminal drought stress is typical of the post-rainy season in the semi-arid tropical regions, where the crop grows and www.elsevier.com/locate/fcr Field Crops Research 95 (2006) [171] [172] [173] [174] [175] [176] [177] [178] [179] [180] [181] matures on a progressively depleting soil moisture profile (Ludlow and Muchow, 1990; Krishnamurthy et al., 1999) , determined by rainfall before and during the crop season, evaporative demand, and soil characteristics. Improvements of chickpea yield under drought have been achieved, mostly by breeding short duration cultivars that mature before the water deficit becomes too severe (Kumar et al., 1985; Kumar and Rao, 2001 ) with a penalty of often not using the available season. Chickpea generally faces varying degrees of terminal drought, and yield stability under these conditions is an important issue for increasing the productivity. Research is, therefore, needed to improve the yield stability under terminal drought conditions.
Breeding and selection for enhanced yield stability and/or potential under drought stress across crop species has shown slow progress and only limited success is evident in a few crops such as rice (Oryza sativa L.), common bean (Phaseolus vulgaris L.) and maize (Zea mays L.) (Fukai and Cooper, 1995; White and Castillo, 1992; Banziger et al., 1999; Schneider et al., 1997) . This is partly due to the quantitative and temporal variability in available soil moisture across years, the low genotypic variance in yield under these conditions and inherent methodological difficulties in evaluating component traits (Ludlow and Muchow, 1990) together with the highly complex genetic basis of drought tolerance (Subbarao et al., 1995; Turner et al., 2001) . Despite this, it is imperative to identify relevant traits that confer yield stability and/or potential under terminal drought stress (Ludlow and Muchow, 1990) . In addition, good characterization of the environment is a prerequisite to enhance the usefulness of any given trait of interest.
The importance of root systems in acquiring water has long been recognized (Miller, 1916) . A prolific root system can confer the advantage to support accelerated plant growth during the early crop growth stage and extract water from shallow soil layers that is otherwise easily lost by evaporation (Johansen et al., 1994 (Johansen et al., , 1997 . Extracting soil moisture from deeper soil layers can also be an important strategy for such an adaptation. The Vertisols where chickpea is normally grown are characterized by the development of deep soil cracks permitting rapid evaporation from deeper soil layers. Again, prolific root systems may help in maximizing transpiration over the evaporation of deeper soil water under these environments. In fact, many crop varieties with an insufficient root length density below 50 cm soil depth were shown not to use the sub-soil water to meet their transpiration demand (Subbarao et al., 2000; Passioura, 2002) . However, the root system of faba bean fully extracted the sub-soil water with a deeper root system that developed in response to deeper pre-sowing plowing (Joanne and Reid, 1993) . Using a crop simulation model, the significance of deep rooting on yield has been studied in various crops. For example, deep root systems in sorghum increased yield by 20% under drought conditions (Jordan et al., 1983) . These results have been confirmed across a number of years and environments in the USA (Sinclair, 1994) .
In spite of the recognized importance of roots, a large-scale breeding program for root trait components of drought avoidance has not been conducted largely because of the lack of a reliable, quick, and costeffective screening methodology for phenotyping root traits in multiple environments (Kamoshita et al., 2002) . Also, the utility of different root traits needs to be established. In rice, quantitative trait loci (QTL) for rooting depth, root volume and root thickness (diameter) were mapped despite the occurrence of significant G Â E interactions (Price and Tomos, 1997; Kamoshita et al., 2002; Price, 2002) . In maize, the QTL of primary root length, primary root diameter, primary root weight and adventitious seminal root weight were mapped (Tuberosa et al., 2002) . Unfortunately, the limitation for QTL identification of relevant root traits appears to be a large-scale, precise and cost-effective phenotyping. Thus the objectives of this study were: (i) to evaluate the variability of root traits under progressively receding soil moisture conditions; (ii) to assess the relevance of root traits for seed yield in chickpea under receding soil moisture; and (iii) to identify an alternative, simple procedure to screen chickpea genotypes with large roots.
Materials and methods

Plant materials
Twelve chickpea (C. arietinum L.) genotypes with contrasting growth duration, type (desi or kabuli), growth habits, and responses to drought comprising eight cultivated varieties (Annigeri, Chafa, JG 62, KAK 2, Phule G 81-1-1, ICCV 2, JG 74 and K 850), a breeding line (ICCC 42) and three germplasm accessions (ICC 4958, ICC 898, K 1189) were used for all trials conducted. The experiments were conducted at the International Crops Research Institute for the Semi-Arid Tropics, Patancheru, India (17830 0 N; 78816 0 E; altitude 549 m).
Cylinder trials
Two experiments using containers were carried out in 2001 and one in 2002. The chickpea plants were grown in PVC cylinders (18 cm diameter, 120 cm height). In 2001, the cylinder trials were carried out in a randomized block design (RBD) with two replications. The experiments were laid on the soil surface in the open field. The cylinders were erected in clusters of four around a single central wooden pillar support. The first experiment was conducted with soils saturated to field capacity (FC) initially and the second with soils uniformly mixed with water required for 70% of field capacity (70% FC). To decrease the total water held in the containers and to facilitate early onset of drought, equal (w/w) amount of sand was mixed with the Vertisol. The FC cylinders were filled with 27.6 kg of dry soil-sand mixture, leaving the top 15 cm empty and irrigated more than the field capacity requirement and allowed to drain. In the 70% FC experiment, the water holding capacity of the soilsand mixture was calculated. Cylinders were filled with a set amount of soil-sand-water mixture leaving the top15 cm empty. To prepare 70% FC soil, 113 g of water was required for a kilogram of dry soil. The top 15 cm of the cylinder was filled with dry soil-sand mixture with di-ammonium phosphate at the rate of 0.07 g kg À1 . Four seeds of each genotype were sown in the soil-sand mixture on 9th November 2001 in the 70% FC experiment and on 16th November 2001 in the FC experiment. The cylinders were then irrigated with 500 ml of water immediately after sowing and twice on alternate days with 150 ml until the seedlings uniformly emerged, and later the plants were allowed to grow on progressively receding soil moisture. Immediately after sowing, all cylinders were supplied with a rhizobial inoculum (strain IC 59) as a water suspension. The plants were thinned to two individuals per cylinder at 7 days after sowing (DAS).
In 2002, the PVC trial was similar, except that (i) cylinders were placed in cement pits (80 cm width, 120 cm length and 120 cm depth) to mimic field growth conditions, with 24 cylinders set in each pit and gaps among cylinders filled with sawdust; (ii) seeds were sown later into the dry season on 26th January 2002; (iii) three plants were grown in each cylinder; (iv) only the 70% FC soil-sand mixture was applied in 2002.
Field trials
Two field trials were conducted during the postrainy season, in 2000/2001 and 2001/2002 , in a Vertisol field (fine montmorillonitic isohyperthermic typic pallustert). The water holding capacity of this field in lower limit:upper limit was 0.26:0.40 cm cm
À1
for the 0-15 cm soil layer, and 0.30:0.47 cm cm À1 for the 105-120 cm soil layer. The available soil water up to 120 cm depth was 165 mm, and the bulk density was 1.35 g cm À3 for the 0-15 cm soil layer and 1.42 g cm À3 for the 105-120 cm soil layer (El-S waify et al., 1985) . Before sowing, 18 kg N ha À1 and 20 kg P ha À1 as di-ammonium phosphate were applied. A sprinkler irrigation, 20 mm, was applied immediately after sowing to ensure uniform emergence. Subsequently, plants were grown under rain fed conditions. The plots were kept weed free by hand weeding and intensive protection measures were taken against pod borer (Helicoverpa armigera). 
Root and shoot sampling
The roots were sampled at 35 DAS, as previous studies indicated that maximum variation in root dry weight (DW) and root length density (RLD) between cultivars is reached at that stage, and that variation is reduced after 41 DAS (Krishnamurthy et al., 1996) .
In cylinder trials, the shoots were harvested, and then the roots were washed gently with running water to remove the soil-sand mixture in the cylinders. When approximately three quarters of the soil-sand mixture was washed away, the cylinder was erected gently on a 3-mm sieve so that the entire root system could be removed. The extracted root system was mostly in one piece with very few small segments of detached roots. The roots were thoroughly cleaned and straightened by repeated dipping and rising in buckets of clear water. The length of root was measured from the cotyledonary point to the deepest root tip. In most cases this deepest root corresponded to the taproot. Then, the root system was divided into layers of 15 cm. Root length was measured at each of the 15 cm depth of the root system, using an image analysis system (WinRhizo, Regent Instruments Inc., Canada) and following a methodology previously described by Serraj et al. (2004) . These samples were dried at 80 8C until constant weights were reached.
In field trials, the shoots were sampled from a 1. (Krishnamurthy et al., 1996) . The soil samples containing roots were soaked in water overnight in plastic buckets. A soil watersuspension was made by gently hand crushing the soil clots in buckets filled with water. The roots were then recovered by passing the soil water-suspension through a 2-mm mesh sieve. The root length was measured with the same equipment and method as in the cylinder trial. The shoot DWs were recorded after drying in a hot air oven at 80 8C for 72 h.
In field experiments, shoot biomass at harvest, seed yield and other yield components were evaluated from an area of 1. (Keig and McAlpine, 1976) . The inputs required for this model are 1 weekly potential evapotranspiration, weekly rainfall (plus irrigation), initial available soil water content and available water holding capacity. The outputs include weekly soil water changes, water surplus, water deficits, actual evapotranspiration and ratio of actual evapotranspiration to potential evapotranspiration. The changes in weekly available soil moisture in the entire soil profile were thus estimated. Such estimations were found to be useful to compare the changes in stored soil water status across years and during the cropping season of particularly Vertisols during the post-rainy season at Patancheru, as the rainfall during this season is usually minimal (Johansen et al., 1994) . The changes in stored soil moisture during the two crop seasons are shown in Fig.  2 of Serraj et al. (2004) .
Results and discussion
Growth conditions in the field trials
Weather data over the course of the two experiments are presented in Fig. 1 of Serraj et al. (2004) . The significant changes across seasons were lower maximum air temperature and evaporation in year 
Variability of root length density at 35 DAS in the field and cylinder trials
In the field experiment, the average root length density at the 0-60 cm soil profile (RLDtot), varied substantially among the genotypes in both the years ( (Passioura, 1982) , and < 0.4 cm cm À3 for chickpea in particular (Gregory, 1988), has been suggested to be sub-optimal for complete extraction of soil moisture. The RLD data found in this work are in agreement with previous work where RLD in chickpea occasionally exceeds 0.5 cm cm À3 in a few soil layers even at later stages of crop growth when the maximum root growth has been attained such as 15 days before physiological maturity (Brown et al., 1989; Krishnamurthy et al., 1996; Yusuf (Table 2 ). An enhanced root and shoot growth at 35 DAS in 2001/2002, leading to better soil moisture extraction, is a likely response to the solarization prior to the second season trial. Soil solarization is known to increase soil fertility, minimize weed competition and reduce wilt and other disease incidences (Stapleton et al., 1985; Chauhan et al., 1988) . The shoot biomass at 35 DAS performance was closely related to the root biomass production at this stage. The correlation coefficient of RLDtot versus SDW was 0.810 ( p < 0.01) and 0.940 ( p < 0.01) in the first and second seasons, respectively.
In the cylinder trials there was also large variability among the genotypes across years for RLD, either in the two 70% FC or in the FC experiments (Table 1) . The RLDtot in the cylinder trials tended to be higher than in the field experiments. Also, the maximum rooting depth was >120 cm in some genotypes. This is likely to be due to a lower bulk density (1.1) in the PVC cylinders, than in the field (about 1.1-1.4). In the cylinders, genotype ICC 4958 and K850 had consistently higher RLD in the 70% FC treatment (Table 1) . By contrast, genotypes Annigeri and K1189 had consistently lower RLD in the 70% FC treatment. Root depth (RDp) did not vary significantly between genotypes (Table 1) .
Since an important objective of this study is to facilitate screening for large root system and avoid the tedious work of sampling roots in the field, we assessed the correlation between RLDtot in PVC cylinders and those obtained from the field. (Table 3) . There was also a significant correlation between the RLDtot of field trials across years, and also between RLDtot across year in the 70% FC treatment in cylinder trials ( Table 3) . By contrast, the RLDtot in the FC cylinder was not correlated with the RLD in any other environment, either the field or the 70% FC treatment. A pooled analysis of genotypes across all the five environments on RLD exhibited a significant genotype Â environment (G Â E) interaction ( p = 0.007). However, the mean square value for the G Â E effect was low compared to the mean square value for the genotype effect (data not shown), showing the predominance of a genotypic effect over G Â E. This indicates that the growth conditions in the PVC cylinders with 70% FC are close to the field conditions and, therefore, a suitable method to detect genotypic differences for RLD occurring in the field. Table 3 Correlation coefficients for total root length density (RLDtot) at 35 days after sowing of 12 chickpea genotypes among different environments The mean RLDtot of the genotypes observed at 35 DAS was positively correlated with the seed yield at maturity in both seasons (Table 4) The importance of RLD in the upper soil layer is consistent with similar observations reported in upland rice, where the seed yield has been shown to be linearly related to RLD at 25 cm soil depth (Mambani and Lal, 1983) and in chickpea, where RLD in the active root zone is closely related with soil moisture absorption (Gregory, 1988; Krishnamurthy et al., 1999) . Rowse and Barnes (1979) , through investigations with faba bean by simulation modelling, concluded that the improved nutrient mobility from the upper soil layers combined with increased water extraction through increased rate of root elongation would produce larger yields in years of moderate water stress. Ingram et al. (1995) also reported an association between root mass in the 20-40 cm soil layer and drought tolerance, although the root characteristics were not strongly related to the seed yield of rice under drought conditions. Since the major part of the soil moisture in the top plow pan layer (0-30 cm) can evaporate quickly if not utilized by the plants, variation between genotypes for the RLD in the 15-30 cm soil layer may provide tolerant genotypes more water in the initial stages of crop growth. Rapid utilization of water in the upper layers Table 4 Correlation coefficients among the root length densities (total and layer-wise) at 35 days after sowing and the shoot biomass at maturity (SBM), harvest index (HI), days to maturity (DM) and seed yield ( (Fig. 1) . In 2001/2002, there was a positive linear relationship between RLDtot and shoot biomass at maturity (r = 0.661, p < 0.05) as well as seed yield (r = 0.767, p < 0.01) when KAK 2, a kabuli variety, was excluded from the regression analysis (Fig. 2) . The yield potential of kabulis are known to be considerably lower than that of the desi varieties (Kumar and Abbo, 2001) ; therefore, a large-seeded, extra-early KAK 2 had a large root system but not a matching shoot biomass. (Table 2) , RLD30-45 also had a positive relationship with harvest index (Table 4) , indicating the likely consequence of better early root distribution helping to maintain better partitioning into the grain at the later growth stage under terminal drought conditions leading to better yield stability. However, the effect of a deep and prolific root system on better partitioning into grain needs further study. (Summerfield et al., 1990; Williams and Saxena, 1991) . And thus, the partitioning of those genotypes that started the process of major pod filling after the second week of February was affected.
Conclusions
Substantial variation in RLDtot or layer-wise RLD at 35 days after sowing was observed among 12 diverse chickpea genotypes. The RLD had relevance to yield under receding soil moisture conditions of a Vertisol in the short duration environments, since genotypes with high RLD produced higher yields under drought. The large variation in root systems within such a small group of genotypes, and the relation between RLD and yield under drought, suggests that an extensive and systematic screening of the chickpea germplasm might offer a promising range of variation in future breeding for RLD. The fact that RLD increased under more severe stress conditions, in particular in more tolerant genotypes, and that RLD at the deeper layer was related to yield only in a more severe drought suggests that the dynamics of root growth under drought conditions might be a key factor to understand the contribution of roots to drought avoidance. The close association of genotypic performance under 70% FC cylinder with that of the field suggests that the cylinder protocol could be adapted for screening studies of root traits.
